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In this paper, a calculation technique for solving the problem of regulating 
interstand tension in a tandem cold rolling is proposed. Based on the slices’ 
method, the proposed technique develops a computational model for a single 
stand, and then generalizes it for five stands. The effectiveness of this tech-
nique is evaluated using experimental data acquired from tandem rolling mill 
of IMETAL steel complex of El-Hadjar-Algeria. By taking into account the 
elasticity of the rolls and using Newton’s method, the developed model can be 
used to calculate successfully the tensions’ correction of the five stands. 
Compared with the LAM3 software, the obtained results indicated that the 
proposed technique is effective and can be used to produce better perfor-
mance of tandem cold rolling. 
Key words: modelling, tandem cold rolling, slices’ method, elasticity, New-
ton’s method. 
Запропоновано методику розрахунку для вирішення задачі реґулювання 
натягу між клітями у тандемному холодному вальцюванні. На основі ме-
тоди зрізів дана методика розвиває обчислювальний модель для однієї 
кліті, а потім узагальнює його для п’ятьох клітей. Ефективність цієї ме-
тодики оцінюється при використанні експериментальних даних, одержа-
них на тандемному прокатному стані комплексу IMETAL Steel El-Hadjar-
Algeria. Беручи до уваги пружність вальців і використовуючи Ньютонову 
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методу, розроблений модель може бути успішно застосованим при обчис-
ленні натягу для п’ятьох клітей. Ó порівнянні з програмним забезпечен-
ням LAM3 одержані результати показали, що запропонована методика є 
ефективною і може бути використаною для підвищення продуктивности 
тандемного холодного вальцювання. 
Ключові слова: моделювання, тандемне холодне вальцювання, метода 
зрізів, пружність, Ньютонова метода. 
Предложена методика расчёта для решения задачи регулирования натя-
жения между клетями в тандемной холодной прокатке (слитков с одно-
временнûм манипулированием). На основе метода срезов данная методи-
ка развивает вûчислительную модель для одной клети, а затем обобщает 
её для пяти клетей. Эффективность этой методики оценивается при ис-
пользовании экспериментальнûх даннûх, полученнûх на тандемном 
прокатном стане комплекса IMETAL Steel El-Hadjar-Algeria. Принимая 
во внимание упругость вальцов и используя метод Ньютона, разработан-
ная модель может бûть успешно применена при вûчислении натяжения 
для пяти клетей. По сравнению с программнûм обеспечением LAM3 по-
лученнûе результатû показали, что предложенная методика эффективна 
и может бûть использована для повûшения производительности тандем-
ной холодной прокатки. 
Ключевые слова: моделирование, тандемная холодная прокатка, метод 
срезов, упругость, метод Ньютона. 
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1. INTRODUCTION 
Rolling mill process plays an important role in assuring high perfor-
mance, safety and reliability in steel industry. A typical rolling mill 
consists of a number of rolling stands aligned in line. Its purpose is to 
convert slabs of metal into a strip of metal of desired dimensions. How-
ever, interstand tension control remains a problem due to strong inter-
actions of rolling stands. So, the assurance of a high product quality 
provides the challenge for technical innovations in modelling, automa-
tion and control. 
 In fact, tandem cold rolling is a highly complex, nonlinear and mul-
tivariable process because it allows a large coil to be rolled into multi-
ple stands, which makes its control a major challenge for engineering. 
Many researchers have paid great attention to produce an acceptable 
product by proposed basic controllers [1–3]. Other works have also 
been proposed to offer improvement and robustness to disturbance of 
the process [4, 5]. 
 The modelling of a rolling process can be performed for various pur-
poses. Various models have been studied and developed to predict a 
rolling torque, force, stresses and speeds in order to size the stands and 
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adjust the roll gap for optimal rolling operation [6, 7]. The preliminary 
knowledge of the mechanical rolling properties and quantities is neces-
sary to ensure the optimal energy consumption. Actually, the Finite 
Element Method (FEM) is widely used in this field; great progress has 
been made to develop efficient models to study the propagation, i.e., 
the enlargement of the hot-rolled strip and the edge shape to achieve an 
optimized pass design [8–10]. Unfortunately, the models based on 
FEM require a high computation time and powerful machines, which 
makes it not advisable for the industrialists who mainly look for effi-
cient and fast online models to pilot their operations. To overcome this 
difficulty, the slices method is considered. It is an important and effi-
cient method used for cold rolling of thin sheets [11–13]. Its applica-
tions in cold rolling have been realized to take into account the shear, 
the elasticity of the band and the elasticity of the rolls [14–18]. 
 The main objective of this work is to develop a model for calculating 
the stresses of a stand and their effects on the next stand. This model 
allows correcting the interstand tensions, which represent a serious 
problem with tandem rolling. Based on the slices method and using 
Newton’s technique, we can develop a model for the five stands of the 
process. It is shown that the obtained model can be applied effectively 
for the correction of interstand tensions and obtaining acceptable 
speeds. By comparing with LAM3, the results demonstrate the effec-
tiveness of the proposed model. 
2. MATERIALS AND METHODS 
2.1. Tandem Cold Rolling Process 
Tandem cold rolling process consists of a number of rolling stands 
aligned in line, where the thickness of a steel sheet is reduced by pass-
ing it through rolling stands (see Fig. 1). This reduction caused by a 
 
Fig. 1. Typical five stand tandem cold mill [2]. 
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very large compression force between the working roll and the sheet, 
enlarges the strip. There are different types of parameters to be ac-
quired, with reliable instrumentation in tough operating conditions 
such as: the rolling force, the interstand tension, the strip thickness, 
and the speeds [4, 5]. 
 The speed of a rolled strip leaving a stand N must be identical to the 
entry speed of the stand N + 1. If these two speeds differ, a longitudi-
nal force, generally called interstand tension, will result inside the 
rolled strip can introduce variations in the thickness and/or the width 
of the sheet, thus deteriorating the product quality. 
 To improve the efficiency and the quality of the process operation, 
we have developed an efficient model that allows us to control the in-
terstand tensions and thus correct the rotation speeds. 
2.2. Modelling Method 
The proposed model is based on the slices method. Under MATLAB en-
vironment, this method is computed taking into account the elasticity 
of the rolls. In the following, we calculate, respectively, the mathemat-
ical models of one stand, five stands, and the corresponding correc-
tions on the speeds. 
 In the standard rolling model, the stress and strain only depend on 
the longitudinal variable x. Horizontal equilibrium and the hypothesis 
1, xz xx
dh
dx
<< ε << ε   reduce the Karman equation as expressed below [6, 
11, 13]: 
 1 1 3( ) ,
d dh
h
dx dx
σ
= σ − σ − τ  (1) 
where h is the half thickness of the slab, σ1, σ3 and τ denote the longitu-
dinal (x direction), normal (z direction) and shear stresses, respectively. 
 This equilibrium equation has to be supplemented by two constitu-
tive equations: 
 – for the material behaviour relating (σ1 − σ3) to 3ε  (or ε3 in the plas-
tic case); 
 – for the friction law relating the shear stress τ to the velocity v. 
 More precisely, the shear stress is assumed small and for a very wide 
sheet ε2 = 0, so that 
3
3
0 0
0 0 0 ,
0 0
ij
−ε 
 ε =  
 ε 
 
1
2
3
0 0
0 0 ,
0 0
ij
σ 
 σ = σ 
 σ 
 3 1
0
log .
h
h
ε = −ε =  
 The viscoplastic or plastic flow rule first gives σ2 as a function of σ1 and 
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σ3 from the plane strain condition and then (σ1 − σ3). Different considera-
tions can be used such as: isotropic or not, plastic or viscoplastic, associ-
ated flow rule or not. Similarly, the friction law can be taken as: rate-
independent; Coulomb or Tresca, or rate-dependent; Norton–Hoff [6, 7]. 
 Neglecting the hypothesis of rigid stands and assuming that the de-
formed roll can be locally assimilated to a roll of radius R′ ≥ R, where R′ 
is the Hitchcock radius, it is calculated by the following formula [13, 
14] (J. H. Hitchcock, 1935): 
216(1 )
1 ,
2 2e s
F
R R
bE h h
′
 − ν
= + 
π − 
 
where E is the Young’s modulus, ν the Poisson’s ratio, F the rolling 
force, he the input thickness, hs the output thickness and b the width of 
the band. The rolling force F is calculated by: 
0
.zF R d
−α
′= σ θ∫  
The flowchart of the computed model based on slices method is illus-
 
Fig. 2. Framework of the proposed model. 
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trated in Fig. 2. We must first determine the neutral point by firing 
method. For a given position of the neutral point xn, the longitudinal 
stress σ1 is calculated by integrating the Karman equation using 
Runge–Kutta method. Then, we adjust the value of xn by the secant 
method, which appears to coincide with the value σ1. It results an effi-
cient and fast model that makes it easy to test different hypotheses. 
 For a tandem rolling process with five stands, which represent our 
case study, the calculation of each stand involves boundary conditions 
[11]; the imposed tractions are assumed to be homogeneous on the inlet 
and outlet sections, i.e., t1(i) and t2(i). Obviously, 
 t2(i) = t1(i + 1) with i = 1, 2, 3, 4, (2) 
where t1 and t2 denote the input and the output tensions. 
 Therefore, the boundary tensions are imposed as: ∆t1(1) = ∆t2(5) = 0. 
 Furthermore, the slices method calculates the neutral point of each 
stand, which makes it possible to obtain the speeds v1(i) and v2(i). To 
achieve this, we must respect the following condition: 
 2 1( ) ( 1).vi iv +=  (3) 
 We start an iterative calculation of the interstand (1), (2), which 
will then be applied to the other interstands. First, we calculate the 
values of t1(i) and t2(i), and thus, the corresponding corrections ∆t that 
can be applied to obtain a near required precision. We assume then ob-
tained, at a certain stage, the approximations v2(1) and v1(2), which are 
the functions of t1(2) and t2(2). Using Newton’s method, we obtain: 
2 2
2 2 2 1 2 1 1
1 2
(1) (1)
(1) (1) (1) (1) (1) (2) (2),
(1) (1)
v v
v v v t t v v
t t
∂ ∂
+ ∆ = + ∆ + ∆ = + ∆
∂ ∂
 
1 1
1 1 1 1 2
1 2
(2) (2)
(2) (2) (2) (2) (2),
(2) (2)
v v
v v v t t
t t
∂ ∂
+ ∆ = + ∆ + ∆
∂ ∂
 
2 2 1 1(1) (1 0) (2) (2[ ])v v v v+ ∆ − + ∆ =  
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2 1 2 1 1 2
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(1) (1) (1) (2) (2) (2)
(1) (1) (2) (2)
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v t t v t t
t t t t
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+ ∆ + ∆ − − ∆ − ∆
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Knowing that 1 2 10 and (1) (1) (2),t t t∆ = ∆ = ∆  so: 
2 1 1
2 1 2 2 2
2 1(2) 2(2)
(1) (2) (2)
(1) (2) (1) (1) (2)
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2 1 1
2 1 2 2
2 1 2
(1) (2) (2)
(1) (2) (1) (2).
(1) (2) (2)
v v v
v v t t
t t t
 ∂ ∂ ∂
− = − ∆ − ∆ ∂ ∂ ∂ 
 
 By using the same calculation steps for the other interstands, (2)–
(3), (3)–(4), and (4)–(5), we obtain the following equations: 
 2 1 11 2 2 2
2 1 2
(1) (2) (2)
(2) (1) (1) (2)
(1) (2) (2)
v v v
v v t t
t t t
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 (4) 
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 In the matrix form 
1t M v−∆ = ∆ , the previous equations become: 
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∂ ∂ ∂
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∂ ∂ ∂
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∂ ∂ ∂
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
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1 2
1 2
1 2
1 2
(2) (1)
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.
(4) (3)
(5) (4)
v v
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v v
v v
 
 
 ×
−
−
−
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 
 
 
 (8) 
 The relation between velocity and tension makes it possible to de-
termine the influence coefficients: 1 1 ,v t∂ ∂  2 1 ,v t∂ ∂  1 2 ,v t∂ ∂  22 ,v t∂ ∂  
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that then allows deducing the ∆t as well as the real tensions .t t t′ = + ∆  
3. RESULTS AND DISCUSSION 
In this section, the algorithm presented earlier will be demonstrated 
and discussed. We start with a validation of our single-stand model 
compared to LAM3 software. LAM3 is a tool used for finite element 
thermomechanical calculations; it is currently applied by ArcelorMit-
tal researchers to simulate rolling operations. The comparison is made 
using the data and results presented in [13]. The data set of cold rolling 
employed are: he = 1.957 mm, hs = 1.370, k = 0.4, σe = 150 MPa, σs = 150 
MPa, σ0 = 600 MPa, R = 250 mm, ω = 4 rad/s. 
 Figure 3 shows the calculation of the longitudinal and normal 
stresses of cold rolling in the elastoplastic case. The obtained results 
show that the calculated model is reliable compared to LAM3. 
 After validating the obtained model, testing the model for five 
stands was established. The data set was collected from the tandem 
cold rolling of the IMETAL steel complex of El-Hadjar-Algeria. The 
validation of the proposed model is carried out using a steel coil 
DX51D (A9M) corresponding to the presumed FePO2G grade. 
 After determining of an operating point using a typical production 
program, the rolling mill and strip parameters used in this study are 
presented in Table 1. 
 Exploitation of the experimental data must identify the Hollomon 
hardening law ( )
nAσ = ε  [13]. Therefore, it was a question of identify-
ing A and n. For each stand, the calculated values are listed in Table 2. 
 
Fig. 3. Stress of cold rolling in the elastoplastic case: a—longitudinal, b—
normal. 
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 Figure 4 shows the calculation results of the first stand before the 
regulation of the tension, the same calculations are repeated for the 
other stands. The calculated speeds before regulation are presented in 
Table 3. It is clear that the speed of a rolled strip leaving an earlier 
stand is not identical to its entry speed into the adjacent downstream 
stand. Our goal is therefore to determine for each stand, the corre-
sponding tension correction to obtain identical speeds and tensions be-
tween the output of a stand and the input of the next stand. 
 The steps to follow to correct the speeds are: 
 – build matrix C = v2 − v1 by the input and output speeds of each 
stand; 
 – build matrix (M) by the influence coefficients of each stand; 
 – replace the new tension t′ = t + ∆t, where ∆t is the correction of ten-
sions, t the old tension and t′ the new tension. 
 To ensure product quality, we must take into account the following 
corrections: 
( )
41.2402
MPa 64.3154 .
238.5046
137.8939
t
 
 
 
 ∆ = −
 − 
  
 
 Figure 5 shows the calculation results after tension regulation. It 
simultaneously gives the evolution of flow constraints, normal, longi-
tudinal and tangential stresses as well as sliding speeds for each stand. 
TABLE 2. Hollomon hardening coefficients. 
Stand number 1 2 3 4 5 
A 663.3 753.4 807.2 843.2 894.5 
n 0.125 0.064 0.027 0.024 0.022 
TABLE 1. Rolling parameters. 
Stand hinput, mm houtput, mm Rcyl, mm  Ω, rad/s Te (tf)  Ts (tf)  
1 02 1.53 281 30.6 30 22 
2 1.53 1.07 264 56.08 22 19 
3 1.07 0.78 270 64.07 19 14 
4 0.78 0.54 281 70.37 14 11 
5 0.54 0.37 281 76.02 11 9 
1518 K. SLIMANI, M. ZAAF, and H. BENDJAMA 
The main notes are: 
 – the thickness varies from 2 mm (input of the first stand) to 0.37 
mm (output of the fifth stand); 
 – for the flow stress, the flow of material is remarkable at the begin-
ning of the reduction at the neutral point because the rolling force 
reaches its maximum at this point, then becomes almost constant, i.e., 
the dislocation density reaches its saturation point which is near the 
neutral point, then a balance is created between restoration and annihi-
lation according to the deformation effect. Until the fifth stand, the 
curve represents almost perfect plastic behaviour: 
 
Fig. 4. Calculated parameters in the first stand. 
TABLE 3. Speeds values before regulation. 
Stand number 1 2 3 4 5 
v1, m/s 7.006 11,356 13,868 15,077 19.29 
v2, m/s 9.1511 16,237 19,024 21,777 28.15 
vn, m/s 8.531 14.805 17.298 19.7739 21.361 
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 – the longitudinal and normal stresses evolve in the same way by 
forming a hill at the top corresponding to the neutral point (Vg = 0) 
where the friction changes direction; 
 – the friction is calculated by Norton–Hoff law where the coeffi-
cients are adjustment factors so that the calculated effort is equal to 
the measured effort; 
 – the sliding speed is negative at the neutral point input (Vg = 0) and 
changes direction until the output. 
 From the calculated values of the rolling speeds listed in Table 4, it 
 
Fig. 5. Calculated parameters for five stands. 
TABLE 4. Corrected speeds. 
Stand number 1 2 3 4 5 
v1, m/s 7.9193 10.574 15.869 18.911 20.901 
v2, m/s 10.552 15.849 18.907 20.892 27.061 
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is seen clearly that the output speeds of each stand is approximately 
identical to the input speed of the next stand. So, the calculation 
speeds obtained by our model show that the refinements proposed make 
it possible to solve the problem: 2 1 1 .( ) ( )v i v i= +  
4. CONCLUSION 
The work presented in this paper is focused on the improvement of the 
classical simplified models of rolling process. For this purpose, a sim-
plified model that takes into account the plastic deformations of the 
plates with hardening, the elastic deformation of the rolls, and the 
regulation of the tensions between the stands has been developed. It is 
based on the slices’ method with the consideration of roll elasticity. It 
results a simple and effective model that is validated by applications on 
real data acquired from tandem cold rolling mill of IMETAL El-Hadjar. 
The obtained model can successfully correct the interstand tensions. 
Comparing with LAM3, the results of the proposed model have con-
firmed its reliability that we recommend it to manufacturers. 
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